In search of a ß-galactosidase which specifically hydrolyses 1-»3 bound galactose residues in galacto-glycoconjugates, an acid ß-galactosidase from chicken liver was investigated. The Isolation procedure involved ammonium sulphate precipitation followed by lectin chromatography on Con A-Sepharose 4B, ionexchange chromatography on DEAE-cellulose, gel filtration on Sepliarose 6B and affinity chromatography on/7-aminophenyl-thio-ß-D-galactoside-agarose. The ß-galactosidase was purified 3000-fold with 11% recovery of enzyme activity. The purified protein showed an apparent molecular mass of above 200000 in SDSpolyacrylamide gel electrophoresis. A few minor bands were also present. The reduced and denatured ß-galactosidase migrated äs a single major band with an apparent molecular mass of 67000. The enzyme released galactose from lactose and from the synthetic Substrates Galßl->3Gal, Galßl-»6Gal and Galßl-»3Ara. However, the enzyme did not release galactose from the snail gland galactans and the high molecular weight galacto-glycoconjugates and it did not hydrolyse the peanut agglutinin receptor of the red blood cell membrane.
Intrödücfion
galacto-glycoconjugates (e.g. the so-called peanut ß-Galactosidases (EC 3.2.1.23) occur ubiquitously receptor (PNA) or lectins specific for N-acetyl-lacin animals, plants and microorganisms (1) . They tosamine) has beconie of great importance in imhavegainedincreasinginterest,beeausetheinactivamunochemistry, especially with respect to such retion of ß-D-galactosidic lectin receptors in different ceptors in tumour cells (2) .
The ß-galactosidase in intestinal mucosa plays a role in the digestion of disaccharides (3, 4) . Human liver ß-galactosidases (5) like those in mouse (6) , feline (7) and dog liver (8) have been investigated with respect to the number of their multiple forms and their diverse Substrate specificities.
However, a specific ß-galactosidase for the hydrolysis of macromolecular galactans and membrane-derived or membrane-integrated desialylated galactoglycoconjugates has not yet been found. This report was initiated in search of such a specific ß-galactosidase. In this context, the purification by affinity chromatography and some properties of an acid ß-galactosidase from chicken liver are described.
Materials and Methods

Materials
Fresh chicken liver was obtained from the local poultry farm. oNitrophenyl-ß-/)-galactopyranoside was purchased from Serva Feinbiochemica, Heidelberg, FRG. Galactose dehydrogenase and NAD + were obtained from Boehringer, Mannheim, FRG. Con A-Sepharose and Sepharose 6B were bought from Pharmacia, Uppsala, Sweden. Cellulose anion exchanger DE 52 was from Whatman, Kent, U.K. and /?-aminophenyl-thio-ß-D-galactosideagarose was from Sigma Chemie, München, FRG. Lectins used in the experiments were kindly supplied by Medac, Hamburg, FRG. Tridacnin was purified in our laboratory starting with the crude haemolymph and using acid activated Sepharose 4B for affinity chromatography. The disaccharides Galßl-»3Gal and Galßl-» 6Gal were also synthesized in our laboratory by Dr. F.-G. Manisch according to I.e. (19) . All other reagents were of analytical grade.
Enrichment of the ß-galactosidase from chicken liver
All steps were performed at 4 °C. Minced liver tissue (-400 g) was first homogenized in a Waring Blendor (l min at high speed) with 2 l of 20 mmol/1 Tris/HCI-buffer, pH 7.4, then in a Potter homogenizer. The homogenate was centrifuged for 20 min at 8000 g. The supernatant was brought to pH 5.0 with l mol/i HC1 and centrifuged for 20 min at 15000 g. The resulting supernatant was brought to pH 7.4 with l mol/1 Tris-HCl-buffer, pH 8.0.
Ammonium sulphate precipitation
The extract of 1400 ml was treated gradually with 465 g of solid ammonium sulphate then stirred for 30 min. The precipitate was centrifuged for l h at 18000g, dissolved in 20 mmol/l Tris/HCl·· 5 mmol/1 CaCl 2 -buffer, pH 7.4, and dialysed extensively against the same buffer.
Affinity chromatography on Con A-Sepharose
Portions of the concentrated enzyme mixture were applied to a 50 ml bed of Con A-Sepharose at a flow rate of 30-40 ml/h. The column was washed with the 20 mmol/1 Tris/HCl-5 mmol/1 CaCh-buffer, pH 7.4, and the enzyme was desorbed with 0.1 mol/1 -methylmannoside in the above buffer. The effluents with enzyme activity were pooied.
DEAE-cellulose chromatography
The Con A-Sepharose purified enzyme was dialysed against 10 mmol/1 sodium phosphate-10 mmol/1 NaCl-buffer, pH 7.4, then applied to a 2.5 x 4.0 cm bed of DE 52-cellulose anion exchanger, previously equilibrated with the same buffer.
The column was washed with the buffer to remove the unbound protein followed by batchwise elution with 50 mmol/1, 150 mmol/1 and 500 mmol/1 NaCl in the buffer. The ß-galactosidase activity was found in the pool eluted with 150 mmol/1 NaCI.
Sepharose 6B chromatography
The ß-galactosidase active pool from the'previous Step was concentrated and dialysed against 10 mmol/1 sodium phosphate-500 mmol/1 NaCl-0.2 g/l NaN 3 -buffer, pH 7.0. It was applied to a l .6 x 90 cm column of Sepharose 6B and eluted at a flow rate of 9 ml/h. 3 ml fractions were collected. The enzymically active fractions were pooied and dialysed against 50 mmol/1 Tris/HCl-100 mmol/1 NaCl-10 mmol/1 MgCl 2 -buffer, pH 7.0.
Affinity chromatography on p-aminophenyl^thio-ß-D-galactosideagarose
The dialysed ß-galactosidase pool was applied ät the rate of 30 ml/h to 10 ml of the affinity matrix, previously equilibrated with the last buffer of dialysis. After the unbound protein had been eluted with this same buffer, the bound ß-galactosidase was eluted with 0.1 mol/1 borate buffer, pH 10.5. The enzyme was concentrated in a Minicon concentrator then dialysed against 20 mmol/1 Tris/HCI-buffer, pH 7.0. Protein was estimated by the method of Lowry et al. (9) using bovine serum albumin äs a Standard.
ß-Galactosidase catalytic activity
ß-Galactosidase catalytic activity was measured by the degradation of the synthetic compound o-nitrophenyl-ß-D-galactopyranoside, using a modification of the pfocedure of Hughes & Jeanloz (10) . The reaction mixture contained 10 of the Substrate in 1.0 ml Mc//vaz>ze-buffer (0.1 mol/1 citric acid-0.2 mol/ Na 2 HPO 4 , pH 4.0), 0.9 ml of the same buffer and 0.1 ml of the enzyme solution. Incubation was for 60 min at 37 °C. The reaction was stopped by the addition of 2 ml of 0.2 mol/1 Na 2 CO3/NaHCO 3 -buffer, pH 10.8. The absorbance of the o-nitrophenol liberated during the enzyme-catalysed hydfolysis was measured at 420 nm. The unit of ß-galactosidase catalytic activity is equivalent to the amount of enzyme which releases l of o-nitrophenol per minute under the given conditions. The hydrolysis of galactose from the disaccharide and galactan was assayed by the oxidation of galactose with galactose dehydrogenase and NAD + by a Standard procedure (11) . The increment of the absorbance of NADH at 340 nm is proportional to the amount of galactose hydrolysed.
Further characterization
The purity of the protein was determined by polyacrylamide gel electrophoresis on 10^20% gradient gels in the presence of 10 g/l sodium dodecyl sulphate and 50 g/l ß^mercaptoethanol, modified from the methods of Laemmli (12) & Anderson (13) . Haemagglutination tests and the enzyme treatment of the cells were performed by established methods (14) .
Results
Isolation and partial purification ofa ß-galactosidase from chicken liver
The purification of a ß-galactosidase from chicken liver is summarized in table 1. The enzyme was purified 3000-fold with a recovery of 11% of the original activity. Due to its glycoprotein natüre, the ß-galactosidase was quantitatively adsorbed to a column of immobilized Concanävalin A. During the elution of the enzyme with 0.1 mol/1 -methylmannoside from the Con A-Sepharose column, the ß-galactoside act ivity coeluted with the protein? peak giving a good Tab. 1. Purification of ß-galactosidase from chicken liver.
Purification
Step fig. 1 ). The protein was subjected to DEAE-cellulose chromatography and the ß-galactosidase active protein desorbed with 150 mmol/1 NaCl in the elution buffer and with a loss of 50% of the enzyme activity from the previous step. No charge isomers of the enzyme were observed. In some experiments this step was completely omitted, äs it leads to a considerable loss of the enzyme activity. In this case the Overall yield and the purity of the enzyme remained nearly unchanged.
Further purification of the enzyme on Sepharose 6B indicated only one peak of ß-galactosidase catalytic activity, which did not coincide with the bröad protein peak ( fig. 2) . The activity fräctions finally purified on the /7-a linQphenyl·thio^ß Ä Z)-galactoside-agarose colümn ( fig. 3) showed a catalytic activity concentration of 900 UA. It was stored frozen at -20 6 C in 20 mmol/1 Tris/HCl-buffer, pH 7.0. Ünder these conditions no loss of activity was noticed during a 2 month period. 
SpS-polyacrylamide gel electrophoresis
On polyacrylamide gel eleetrophoresis with 10 g/l spdium dodecyl sulphate in 10-20% gradient gels a major protein band was found. This was visually estimated to be 90% of the protein, with a molecular mass aböve 200000. Nevertheless, the preparation also exhibited several minor bands with molecular mässes of 91000, 60000, 38000 and 28000. Reduced (50 g/l ß-mereaptoethanol) and denaturated protein showed an additional band of molecular mass of 67000 ( fig. 4) .
pH-Optimum
The pH-optimum of the hydrolysis of the chromogenic Substrate onitrophenyl-ß-Z)-galactopyranoside by the ß-galactosidase was 4.0. The optimal activity was determined in Mcllvaine buffers (0.1 mol/l citric acid-0.2 mol/l Na 2 HPO 4 ) in the ränge pH 3.0 to 8.0, using samples with the same initial activity. All assays were performed at 37 °C for 60 min at a pH of 4.0. An apparent Michaelis constant (K m ) of 5.6 x 10~4 mol/l was determined. 
'&%
Substrate specificity
The ß-galactosidase showed complete hydrolysis of the ßl->4 linkage of lactose. Siinilarly, the ß-galactosidase hydrolysed the ß-linked synthetic disaccharide Substrates, Galßl-*3Gal, Galßl-»6Gal and Galßl-»3Ara, whereas the -linked galactoside mellibiose was not attacked under the same conditions. The apparent Michaelis constants for the substrates are presented in table 2.
Tab. 2. Michaelis constants K" strates.
for several disaccharide sub- However, no hydrolysis of the galactan of Helix pomatia snail glands was observed. Increase in the incubation time from l h to 6 h had no effect on the cleavage of the galactose from the galactan. There was no difference in the absorbance at 340 nm mediated by the increase in NADH concenträtion after the action of galactose dehydrogenase on liberated galactose.
Haemagglutination tests
In haemagglutination tests normal and neuraminidase-treated red blood cells were agglutinated by ß-D-galactose-specific lectins like Ricinus communis I, Arachis hypogaea, Maclura pornifera and Tridacnin lectins. Normal and neuraniinidase-treated cells were further incubated with the active ß-galactosidase at 37 °C for 2 h. No difference in the results of haemagglutination tests of ß^galactosidase-treated and -untreated normal and desialylated red blood cells was observed, indicating the absence of any action by the enzyme.
Discussion
Affinity column chromatography has been used for the purification of different ß-galactosidases (4-7).
The chicken liver ß-galactosidase purification procedure described here with ammonium sulphate precipitation, Con A-Sepharose-, DEAE-cellulose-, Sepharose 6B-chromatography and finally />-aminophenyl-thio-ß-D-galactoside-agarose chromatography permits the isölatiöii of the enzyme with a relative high degree of purity. The Con A-Sepharose chromatography
Step and the precipitin reactions with Con A and Ricinus communis I confirm the glycoprotein nature of the enzyme. DEAE-cellülose chromatography may allow a good resolution of Charge isomers, but in this case there was no evidence for the presence of such isomers. A loss of more than 50% of the enzyme catalytic activity indicates that some other ion exchange chromatography step should be introduced for such a purification. Similarly, it would be preferable to avoid the drastic increase of the pH of the borate büffer to 10.4 in the elution of the enzyme from the affinity coluinii, but lower pH's gave unsatisfactory results.
Electrophoresis of the enzyme on SDS/polyacrylamide slab gels gäve a major band of molecülar mass greater than 200000, which with 50 g/ mercaptoethanol reduction showed a band with a molecülar mass estimated at 67000. Some of the several minor bands could represent the "protective factor" and "neuraminidase subunit" proteins, which have been reported to copurify with acid ß-galactosidase from other species (15, 16) . The presence of other enzymes was, however not examined, but should have been revealed m the haemagglutination tests. The electrophoretic patterns äs a fünction of acrylamide concenträtion should be examined further to obtain a better insight into the protein components of this ß-galactosidase preparation.
The ß-galactosidase showed broad Substrate specificity; terminal non-reducing galactose residues were removed from lactose, Galßl->3Gal, Galßl-*6Gal and Galßl->3Ara and the chromogenic Substrate onitrophenyl-ß-D-galactopyranoside. However, the cleavage of galactose from the snail albumin gland galactan did not occur, even with a longer incubation time of 6 h. Prolonged incubation over days may be necessary for the ß-galactosidase to reach the terminal galactose residues of the macromolecule. Haemagglutination tests of normal, desialylated and ß-galactosidase-treated red blood cells with different galactose-specific lectins like Ricinus communis I, Arachis hypogaea, Maclura pomifera and Tridacnin lectins showed no marked difference. This indicates that the enzyme cannot hydrolyse the terminal lectin receptors on the red blood cell membrane galactoglycoconjugates.
In conclusion, the ß-galactosidase isolated from the chicken liver is not suitable for the hydrolysis of galactose terminal lectin receptors on macromolecular galacto-glycoconjugates and on cell surfaces like red blood cell membranes. Obviously, the cleavage of terminal macromolecular ß-glycosidically bound Dgalactose is very resistant to most ß-galactosidases, except a few enzymes of bacterial origin. Recently, the endo-ß-galactosidase of Bacteroides fragilis has been shown to hydrolyse internal ß-galactosidic linkages of oligosaccharides belonging to the poly Nacetyl-lactosamine series (18) , whereas ß-galactosidase isoenzyme from Turbo cornutus has been described with Substrate specificity towards a ganglioside with terminal ßl->3 linked galactose (20) .
